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Resummation in Soft Collinear Effective Theory

Correspondence between QCD and SCET Resummation



LARGE LOGARITHMS IN THRUST

Take as a concrete example e’e thrust distribution. Computing in fixed-order
perturbation theory, we encounter large logs in the two-jet kinematic region:
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STATE-OF-THE-ART RESUMMATION

Thrust computed to NNNLL accuracy using

Soft Collinear Effective Theory

NNNLL perturbative results + consistent
treatment of nonperturbative power
corrections + other corrections used to
achieve most precise and reliable extraction

of strong coupling from event shapes Abbate, Fickinger, Hoang,
Mateu, Stewart (2010)
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STATE-OF-THE-ART RESUMMATION
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STATE-OF-THE-ART RESUMMATION

Other event shapes

Jet Broadening at NLL and NNLL
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FACTORIZATION FOR EVENT SHAPES  cotins soper serman

Two-jet event shapes in e'e,
e.g. thrust:
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RESUMMATION FROM RG EVOLUTION

* SCET RG gives equations for evolution of hard, jet, and soft
functions in factorization theorem with energy scale (L.

evolve each function in

factorization theorem from scale
% 00 peked el 4 herelogs re minmize:
H~14alln™ %
Q \/; —_— :
soft + collinear EFT e o H
evolution with [ % Q ﬁ
calculable d
M@F(QF, p) = vr()F(QF, 1)
QT Q7 soft EFT

“anomalous dimension” YF (1) = I'rlas(p)] In —5 + vrlas(w)] m M
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* Solutions of evolution equations contain logs resummed to
all orders in o



RIESUIMIM AR CINEINGRIRECRECI CERyS =5 R
In CTTW (1993) we find the formulae

[ (1) = C(as)(r, a0) + D(7,05) )
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Achieving resummation requires computing the coefficients Gnm

In SCET, we find the formulae
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Goal is to compute the hard, jet, and soft functions and their anomalous
dimensions I'r, vF
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Resummed logarithmic accuracy determined by order in o
to which anomalous dimensions and fixed-order matrix elements

are known:
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“Primed” counting: better correspondence in accuracy amongst Laplace

transform, cumulative, and (especially) differential distributions
see Almeida, Ellis, CL, Sterman, Sung, Walsh (2014)
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RESUIPAMAT IO ENREC ECIC TNV SCEET

CTTW form generalized to a more systematic all-orders form, closer
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derivatives come from inversion of Laplace transform, where logs
naturally exponentiate algebraically
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SR ESebNREC OO CORRESECINIDENCE

Almeida, Ellis, CL, Sterman, Sung, Walsh (2014)
Showed that two forms are exactly equal with the dictionary:

Alots] = Teusp[ats] B dlndlfrf(: ;LF)
N(@Q) =H(Q)J(0,Q)*5(0,Q) ~
Hodu' din F f
E=29E; + Eg EF(H»MF):KF(M,MF)_/ 5 dhf(:lu)
HF

In addition, the dQCD formula has the hard, jet, and soft scales already
fixed to:

It T Os et e SO e e e A e

In SCET the scales are typically varied about the central values:

N:“H:Qa :u'J:QTl/Qa MS:QT

by factors of 2, or more sophisticated “profile scales” for reliable

uncertainty estimation and smooth matching onto both fixed-order and
nonperturbative regimes.
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B

Almeida, Ellis, CL, Sterman, Sung, Walsh (2014)

In principle, these scales can (should) also be kept free and then
varied to estimate uncertainties in dQCD formalism

Our proof of equivalence with SCET leads to unified formula,
generalizing dQCD to variable jet/soft scales,and SCET to more

explicitly exponentiated form:
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Almeida, Ellis, CL, Sterman, Sung, Walsh (2014)

Both dQCD and SCET approaches typically begin by resumming in Laplace space:

i
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The difference is the order in which the fixing of scales and the inverse Laplace
transform are performed:

[ 0 (v, 14y o) j ﬁ[ R(T, u, o) j

inverse Laplace

5(v) = oo™ H () (%H

fix transform fix
scales scales
dv
R S i
(7) /C e oL

6(1,Q,Qre'") ")) w—( R(r,Q,Qr) |

To all orders, the two routes are equivalent. Truncated at a finite accuracy, the two
routes may differ in subleading terms.
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CONCLUSIONS

We have provided a case study comparing SCET and dQCD resummation for e e event
shapes in exquisite detail.

We derived correspondence relations that put results from the two formalisms into
precisely equivalent all-orders forms.

The unified form endows dQCD formulae with variable jet and soft scales, and puts
SCET formulae into a more explicitly exponentiated form.

In practice, different organizations of terms differing at subleading accuracy account for
remaining numerical differences.

These correspondences and improvements have direct parallels in DIS and pp event shapes
as well

Provides common language to compare dQCD and SCET resummed predictions for
cross sections at LHC and other collider environments.
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EREEETIVE BERDD FRIECORIES

Simplify “full theory” by integrating out heavy
or UV degrees of freedom. Replace with “effective theory” of the
accessible, low-energy degrees of freedom.

e.g. effective EWV theory (integrate out W,Z bosons), heavy quark
effective theory (integrate out momentum modes ~ mg)

EFT must reproduce same IR, low-energy behavior of full theory.
Mismatch in UV encoded in Wilson or “matching” coefficients.

EFT may possess additional symmetries or computational
simplifications beyond full theory (e.g. heavy quark spin-flavor
symmetry in HQET, soft-collinear decoupling in SCET.)

EFT is an approximation to full theory to order-by-order in a power
counting expansion in a small parameter A



SUF ECOFINEAR ERFEC PIVETHEQRGPHOEIES

SCET modes describe small fluctuations around lightlike momentum
trajectories:

Remove hard 2
modes from theory iz 03 Q)\

/ ﬁn =8l 'p§ o P
C Iinearé £ G = S0
% ~ Q2 label” momentum

In 2-jet events,
three EFT modes:

anti-collinear
p? ~ Q%\? Bauer, Fleming, Luke, Pirjol,
P2 ~ QM Rothstein, Stewart (2000, 2001)

Q)\Q Q e Pz el



SCET LAGRANGIAN s i, ot o

Factor out large momentum phase and project out “heavy” and “light”
components of fermion fields: 474

gnjp 413 Twn’p massless
Y(a) =) e TPy () :
; S e A effective mass Q,

S LSS wn’p integrate out

Similarly for gluon fields. Resulting leading-power Lagrangian:

L:SCET = Z(»an . »an) = »Cs

- : - TYC 1 - TYC %/ :
e o [Zn D+ 1P Wy(x) = pWJ(w)ZBL} 55”(33) Il il
l 2
AR Y - TYV v X
£g”_292Tr[ZD +945,1D" + 947 DM:@-P%M+PZ+m-D%M

Es S EQCD [QS7 As]

P*  “label momentum operator”

Elanh— Z €iﬁ'xfn,p () similarly for collinear gluons
iz
21



SE EEEEINPAARERIJEES

Collinear quarks:

1 ! AL
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Similarly for collinear gluons.
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SiE EOEERATORPTAT NG

Besides Lagrangian, also need to match QCD currents onto SCET
operators.

e.g. for e*e to 2 jets, DIS, or Drell-Yan:
¢7”¢ e 02 (:u) [g'nl Wnl]ﬁl /Y’u I:WT—‘I-,Q gnQ]p2

One-loop matching, difference of QCD and SCET loop graphs. IR
divergences match, leaving over UV-dependent Wilson coefficient:

QCD:

Manohar (2003);
Bauer, CL, Manohar,
Wise (2003)
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SOF I-COLLINEAR DECOUPLING Bauer, Pirjol,Stewart (2001)

At leading power, soft-collinear interactions are eikonal:
Soft-collinear interactions resunamed into Wilson lines:

Y,.(x) = Pexp [zg/ dsn - As(ns + az)]

Perform field redefinition: &

én(@) = Yu(@)eW ()  &(in- D)t — EQin - 9)EY

soft
k
soft gluons “see” % % % % %
..... - p+k only direction

collinear and color of jet  .......... l ................................
1gyt”
o2 (p e k)Q/p/ keep leading order part of diagram ntt* W
TR, 24



QCD form

. . ~ > — T do_
® Consider the Laplace transform of the cross section: o(v) = dre o
0 T
In the QCD literature, a simple exponentiated form has been given for the
resummed Laplace transform:
o(v) = oo N(Q) exp[E(Inv)]
o g (Q) s (Q) 2
N(Q)—1+Q4W Ci+ (= 2) o+
/ /
E(lnv) = 4/ di/A[ozs] In 2
QeEn-1 I Q
Q(eVEV)~H2 4 /
— 4/ di/A[ozS] In s -
Q(e"Ev)—1 X Q(GWE V)_
Q@ du’ Q@ du
+ 2/ i,BJ[ozs] + 2/ i,Bg[ozs]
QeEp)~1/2 M Q)1 M

E has an expansion in logs of the form on the previous slide.

A, B, Bs can be calculated order by order in (s

Sterman et al.

At each higher order, another entire colored box on the previous slide is fully predicted.

The dependence on variable hard, jet, and soft scales is not fully predicted by

this formula. Theoretical uncertainty will be underestimated.



SCET form

® |n the SCET literature, the typical form for the resummed cross section is:
1/2

wh (HsHH) ~ ~
5(v) = ooe™ H () (P21 (L, 10)S(Ls, ns)

ILLJV )WJ(:LLHUJJ)( /’LSV )ws(u,,us)
Q

QQ—VE QG—VE

L;= ln(,uZJGVEV/Q2) Ls =In(use’v/Q)

® Exponents given by integrals over anomalous dimensions of hard, jet, soft functions:

Hody /
Ke(p, pp) = / #{FF[QS(M’)] In M. VE [Oés(,u/)]} They can be calculated
prp M HE order by order in (¢4
Hodu , like A,B
ol pr) = [ Trlau()
HF

® This formula looks more complicated, but has the correct dependence on variable
hard, jet, and soft scales. Allows more reliable theoretical uncertainty estimates.

® |t becomes nearly equivalent to the QCD form for the scale choices:
i =Q, fis=Q" )T fis = Q7" y) ™
B> 5(v) = 00 H(Q)J(0, Niﬁé(o, 55)&

still need to evolve to Q



Going back to event shape space

1 [T dy
To transform back to the event shape T R(T) = o —e a(v)
Y—100

We should get the same result before or after fixing the hard, jet, and soft
scales:

[ 5(”7“7”0) J ﬁ [ R(TMLLMMO) j

inverse Laplace
fix transform fix
scales ; scales
1%
R — VT ~
(7) = [ goea(w)

3(r.Q.Qve') ")) —f(  R(r,Q.Qr) |

However, care must be exercised in evaluating the formulas so that this is true
at a given order of resummed accuracy.

Going the top route, one obtains:

_ _ Kg+2K;+Ks H_H)“’H( g )2“” (M_S)“’S
R(T) = oge ( 9 Qr1/2 QT

X H(,uH)j((?Q + In Qii]/z?/U)2S(aQ + In %,MS) T

efYE Q

(1-9)

Q =2w;y(u, py) +ws (i, ps)



Differential cross sections

®  We made similar observations and gave similar prescriptions for computing
differential cross sections to better accuracy at a given resummed order than
in past literature.

do d
T
d
dr

[ R(T, MH,MJ,MS)] [ o (T, WH s [T, 4S) ]

differentiate

Y iX iX -
py = QT scales scales i A7 = Qf /7
ns = QT ILLS = QT

d

[R(T,Q,Qfl/j,cg%)] ——) [O(T,Q,Qfl/j,Qf)]

differentiate

® Our results are the most accurate resummed forms in event shape space
to date that also display correct dependence on hard, jet, and soft scales
and thus can be used to estimate theoretical uncertainties most reliably.



from J.Walsh [preliminary]

AFHMS profiles
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U R exhibits better convergence than O, order to order
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